Batch cultures of Candida utilis CBS 621 were carried out in a pressurized reactor under increased air pressure up to 6 bar. The effect of total air pressure was also investigated in a high cell density fed-batch culture, raising the total air pressure from 1 bar to 12 bar. The results showed that the rise of air pressure, for both operation modes, led to a substantial enhancement of biomass production. Moreover, ethanol formation was significantly reduced at 6 bar and 12 bar air pressure, respectively for batch and fed-batch processes.
Introduction
Candida utilis (fodder yeast) is a popular microorganism for physiological studies on sugar metabolism in yeasts, and it stands as a model for the group of Crabtree-negative yeasts that can exhibit active glucose transport [1] . C. utilis presents high respiratory activity, high protein content, good amino acids profile and ability to utilize a wide range of substrates [2] [3] [4] . Furthermore, the predominantly aerobic metabolism of C. utilis and active participation of the pentose phosphate pathway for sugar metabolism predisposes this yeast to carbon balance in favor of biomass production when compared to other yeasts as Saccharomyces cerevisiae, which is glucose sensitive and largely fermentative [5] .
It is known that the commercial value of single cell protein (SCP) is linked to its protein content. From this point of view S. cerevisiae and a few other yeasts like C. utilis are classified among the most interesting microorganisms for their protein content, which can account for up 50% of the dry weight, being the remaining represented by lipids, polysaccharides, etc. [6, 7] . Recombinant C. utilis strains have also been used for heterologous protein expression [8, 9] and for production of biotin, ethanol, and lactate [10] [11] [12] . In most cases, high cell density cultures (HCDC) of C. utilis are crucial to increase economical productivities. Thus, limiting factors to HCDC need to be taken into account. These include substrate inhibition, oxygen and heat-transfer limitation, accumulation of cellular byproducts such as ethanol, acetic and pyruvic acids and inhibition of cellular respiration by a high concentration of dissolved carbon dioxide [13] .
Numerous techniques have been designed to increase cell concentration in aerobic cultures. Most techniques have focused on the control of nutrient and oxygen supplies as a mean to regulate the specific growth rate [14] . Also, de la Torre [15] has proposed the use of continuous cultures with a highly concentrated feed of substrate, at a low dilution rate as a feasible alternative. Since in HCDC oxygen is usually the major growth limiting factor, the use of pressure to improve oxygen transfer rate into bioreactors is an alternative way of preventing oxygen limitation that may reduce operating cost constrains compared to high power input [16] . In fact, previous work demonstrated that hyperbaric air could be successfully applied to fed-batch cultivation of S. cerevisiae [17] and Pichia pastoris [18] , to improve oxygen transfer rate to aerobic cultures. However, above certain limits increased air pressure and the consequent raise on oxygen partial pressure have detrimental effects on yeast cell activity. It was proven that oxygen toxicity, besides total pressure, is the main cause of cell inhibition [19, 20] .
Some of the cellular response to stressful conditions such as the ones caused by increased air and oxygen pressure are morphological changes [21, 22] . Computer image analysis for automatic evaluation of microscopic images has been proven as a reliable technique to study the morphological cell changes under increased air pressure [22] .
The aim of this work is to analyze the applicability of bioreactor pressurization up to 12 bar air to improve biomass productivity of C. utilis. Besides cellular growth and metabolites production assessment under increased pressure, morphological cellular characterization was performed by a developed image analysis procedure [22] .
Materials and methods

Strain and maintenance
C. utilis CBS 621 was obtained from the Centraalbureau voor Schimmelcultures (Delft, The Netherlands). This strain was stored at −80 • C with 20% (v/v) glycerol. From these stock cultures, agar slants [2% (w/v)] were inoculated and maintained at 4 • C.
Media
The mineral medium for batch experiments consisted in: 5. 
Operating conditions
Batch and fed-batch experiments were carried out in a 600-mL stainless steel reactor (Parr 4563, Parr Instruments) at 30 • C of temperature and 400 rpm of stirring rate. Compressed air was continuously sparged into the culture medium at a flow-rate of 1 vvm (measured at standard conditions of pressure and temperature). The operating pressure was set by the manipulation of the pressure of the inlet gas and the regulatory valve position in the exit gas line [18] . The values of air absolute pressure studied were 1.2 bar, 3 bar and 6 bar in batch cultures, and 1 bar, 6 bar and 12 bar in the fed-batch strategy. The reactor was equipped with a pressure transducer to monitor total internal pressure. Fed-batch experiments started-up in batch mode with 1 g L −1 of initial sucrose in a volume of 175 mL. The initial yeast concentration was 15 g L −1 . Feeding of a 100 g L −1 sucrose media was started after 1 h of batch growth and performed at an increase flow rate (in order to keep dilution rate of 0.025 h −1 ) for about 40 h.
Analytical methods
Cell concentration was estimated through optical density at a wavelength of 620 nm, previously correlated to cell dry weight determination. Sucrose was measured by 3,5-dinitrosalicylic acid method [23] modified. Ethanol was quantified by HPLC (Jasco) with a Chrompack column and a RI detector (830-PU, Jasco). The eluent was H 2 SO 4 0.01 N at 0.7 mL min −1 and a column temperature of 40 • C.
Image analysis
Image acquisition was conducted in an optical microscope (Diaphot 300, Nikon Corp.) with 400× magnification coupled with a black and white camera (Sony CCD AVC D5CE) linked to a personal computer by a frame grabber (DT3155, Data Translation, Inc.). The images were focused in a way to enhance the cells contour. The original image was divided by its background, an image without cells, to remove irregularities. A median filter (3 × 3) was used in the resulting image before the binarization step. Afterwards, a step to suppress objects connected to image border and a holefill procedure [24] were performed. Application of morphological operations, like erosion (to remove small debris) and reconstruction, produced the final binary image. These image processing procedures were developed with Matlab v.6.1 (The Mathworks Inc.) package and were fully automated.
Feature extraction and object separation were necessary to classify "budding cells" (not separated) and "single" (individual well separated cells) cells and to determine their frequency in the analyzed samples. Initially, objects were labeled permitting to extract individual properties (area, equivalent diameter, major axis length, minor axis length, among others). Assuming that the cell projection onto the image is an ellipse, a parameter called "elongation" (major axis length/minor axis length) was computed according to Pons and Vivier [22, 25] .
Statistical analysis
Comparison of mean values between different air pressure experiments was performed by Student' unpaired t test. Values of p < 0.05 were considered statistically significant.
Results and discussion
Effect of pressure on yeast metabolism: batch operation
Time course profiles of growth, ethanol production and sucrose consumption of C. utilis batch cultures are presented in Fig. 1 . The raise of total air pressure from 1.2 bar to 6 bar led to an increase of 1.8-fold in the final cell dry weight. Also, an improvement in biomass yield from 0.04 at 1.2 bar to 0.24 at 6 bar of air pressure was observed. That was probably due to the improvement of oxygen transfer rate from the air to the culture medium that is mainly achieved due to the increase of oxygen solubility with the increase of pressure [16] , thus allowing the enhancement of cellular growth due to the prevention of oxygenlimited growth. Additionally, the biomass productivity was clearly enhanced with the rise of air pressure. After 12 h of yeast growth, values of productivity equals to 65 mg L −1 h −1 , 102 mg L −1 h −1 and 792 mg L −1 h −1 was attained respectively at 1.2 bar, 3 bar and 6 bar. Other non-conventional yeasts such as Kluyveromyces marxianus [26] , Yarrowia lipolytica [27] and P. pastoris [18] were successfully cultivated under increased air pressure with significant improvements in final biomass concentration. However, for S. cerevisiae, yeast with respire-fermentative pathway, the increase of air pressure led to a decrease on biomass productivity for a batch mode of operation [19] .
In the batch cultures of C. utilis, during the initial growth phase, cells consumed sucrose, which is metabolized oxidoreductively, producing biomass and ethanol. After that, ethanol produced was almost totally consumed by the cells. Moreover, the increase of total air pressure led to an earlier and completely consumption of ethanol. The raise of air pressure from 1.2 bar to 6 bar led to a significant decline on ethanol production. A 2.3-fold reduction of ethanol concentration was attained by increasing air pressure to 6 bar. This result indicated that the aeration of culture with air at 1 bar was insufficient to prevent oxygen limitation and a significant switch of the metabolism to the fermentative pathway was observed. However, the use of 6 bar air pressure allows yeast cells to keep using predominantly the oxidative metabolism.
Effect of pressure on yeast metabolism: fed-batch operation
As the results above demonstrated, the increase of air pressure up to 6 bar could be successfully applied for C. utilis batch growth, improving the final cell mass production and reducing the ethanol formation. Thus, fed-batch mode of operation was used to validate the results in this mode of operation, the most used to reach high cell density cultures. Fig. 2 shows the effect of air pressure increase on biomass and ethanol production in fed-batch cultures. The sucrose concentration in the medium remained below 2 g L −1 for all pressures tested and no differences were observed in the substrate consumption behavior.
A clear enhancement in biomass production was observed with increased air pressure. The raise of total pressure from 1 bar to 12 bar led to approximately 1.5-fold improvement in the final cell dry weight. Also, biomass productivity was enhanced by the increase of air pressure. The maximum productivity in the 12 bar air pressure experiment (900 mg L −1 h −1 ) was obtained 24 h after the beginning of the process and remained unchanged until the end. On the other hand, with 6 bar air pressure, a biomass productivity of 800 mg L −1 h −1 was reached at 30 h, and this value dropped to half at the end of the experiment. Moreover, in the assay conducted at 1 bar, only 600 mg L −1 h −1 of productivity was attained.
The results in Fig. 2 show that air at 1 bar was not enough to ensure the oxygen cellular demand, since a higher ethanol and a lower cell concentration were obtained compared to experiments under 12 bar of air pressure. In fact, the ethanol production observed at 1 bar (8 g L −1 ) was totally reduced by the reactor pressurization up to 12 bar.
During the first 24 h, cell behavior at 6 bar and 12 bar of air pressure was similar. However, after this period, for 6 bar air pressure, the cell concentration started to decrease. This result occurred at the same time when the ethanol concentration started to increase significantly. In this type of cell cultivation high cell densities are reached, thus a high capacity of oxygen supply of the system is required. This indicates that 6 bar air pressure rise, for the cell densities achieved in the fed-batch experiments was probably insufficient to prevent oxygen-limited cell growth and some sucrose fermentation occurred.
The results reported herein proved that the reactor pressurization up to 12 bar could be successfully applied to prevent by-products formation, such as ethanol, on C. utilis fed-batch cultivations. Since the preliminary reports of Páca and Grégr [28] , who obtained an increase on C. utilis cell mass yield in batch cultures, by a 1.7 fold raise of oxygen partial pressure and Onken et al. [29] , who observed a decrease in biomass yield in continuous cultures under 7 bar of air pressure, no further reports are known on the behavior of this yeast, particularly in fed-batch cultures under increased pressure. Other microorganisms have been more recently studied by Knabben et al. [30] that used increased pressure pilot-plant bioreactors to minimize overflow metabolism in E. coli fed-batch cultures. Also, Belo et al. [17] observed that the ethanol production was reduced by increasing air pressure from 1 bar to 10 bar in S. cerevisiae cultures. 
Effect of pressure on yeast morphology
Growth rate, mutation, and environmental conditions affect yeast size and shape distributions, but, in general, the effect of spatial variations in large-scale bioreactors is not taken into account. Due to the differences observed in the residence time distribution in large reactors, cells are distinctly exposed to high pressures (at the bottom) and to low pressures (on top). As a consequence, analysis of pressure effects in cell morphology must be considered.
An image-processing tool accomplished the analysis of cell morphology under different fed-batch experimental conditions. In a first approach, cells were classified into single cells and budding cells. The composition of the cell aggregates varies with the growth phase, depending on whether it is the stationary or the exponential phase [31] . Zalewski and Buchholz [31] classified yeast cells of S. cerevisiae in four classes according to various forms they present along growth: small cells, budding cells (two cell gemmules, with the same size), single cells (with large vacuole), and dead cells (smaller cells). Likewise, the set of images captured for the same sample were treated and processed, yielding results for the percentage of single cells and budding cells (Fig. 3) .
After 3 h of growth, a decrease was observed of single cell from 90% to about 70-80% whereas a slightly increase of budding cells percentage took place. According to Zalewski and Buchholz [31] and Pons and Vivier [25] , a characteristic of good inoculate adaptation to the new culture is the rapid decrease in the amount of single cells in culture and the increase in the percentage of budding cells.
The percentage of budding cells on yeast culture growing at 1 bar increased until the end of the process, accomplished with a reduction of single cells percentage. On the other hand, in the experiments under 6 bar and 12 bar, the percentage of budding cells was increasing only during 20 h, offsetting the decrease in the single cells percentage. However, after this period, there was an increase in single cells and a reduction of gemmules. This behavior can be explained by the different cell growth rates. The low number of budding cells observed in the experiment with 6 bar air pressure confirmed the cell growth limitation (Fig. 2) .
Coelho et al. [22] observed that S. cerevisiae cell division was strongly affected by 5 bar O 2 and 6 bar CO 2 pressures, while nitrogen and air to a maximum of 6 bar pressure were innocuous to yeast. Belo et al. [21] reported that no differences were found between the genealogical age of cell populations (assessed by bud scars counting) under environments of air at 1 bar, 6 bar, 10 bar and pure oxygen at 1.3 bar. However, an increase in the fraction of older cells was observed for the final cultures exposed to 15 bar of air pressure or 3.2 bar of O 2 pressure.
The cell size distribution of yeast cells exposed to hyperbaric air is a useful tool to assess cellular viability, once considered non-viable cells are smaller than viable cells [32] . After 3 h of the beginning of growth, most yeast cells present an average area of approximately 30 m 2 (Table 1) . Moreover, it was not observed yeast cells with a projected area exceeding 70 m 2 (data not shown). An increase in the average area at the end of growth, compared with its initial values, was obtained for all the pressures tested, which is in accordance with cell growth retardation at the stationary phase of growth [22] .
In the stationary phase of growth (43 h), it was observed a slightly increase in projected area by rising the air pressure from 1 bar to 12 bar (p < 0.001). This was probably due to the increase on the percentage of older cells, which under normal conditions are bigger in size.
The effect of pressure on cell size is strongly dependent of the gas nature and yeast strain. For S. cerevisiae cultures, Coelho et al. [22] observed that the increased air pressure up to 6 bar did not significantly affect average cell size, while a decrease in the cell size distribution was found for cells exposed for 7.5 h to 6 bar CO 2 . Belo et al. [21] reported that air pressure increase up to 15 bar caused S. cerevisiae cells compression and an increase in the number of aged cells. Lopes et al. [33] found a Y. lipolytica cell size decrease for the 8 bar culture, compared to cell size obtained at 4 bar and at atmospheric pressure.
Yeast shape can be assessed by an elongation factor as a discriminatory parameter. Since it was assumed that the cell projection onto the image is an ellipse, the elongation factor was defined as the ratio between major axis length (F max ) and the minor axis length (F min ). In the first sample (3 h), the major percentage of cells has the same elongation parameter of approximately 1.6, and displayed a typical oval form in all the assays. The results demonstrated that cell exposure to increased air pressure did not induce yeast shape changes and cells remained oval under pressures up to 12 bar (Fig. 4) .
Kawasse et al. [34] reported a 25% increase in the elongation factor when the Y. lipolytica cells were exposed to a thermal and oxidative stress. However, Lopes et al. [33] observed that Y. lipolytica cells remained oval under air pressure up to 8 bar. Dong et al. [35] observed that under atmospheric pressure cells were round and smooth, but when cultured at 5 bar, cells became more flat and wrinkles could be seen on the cell membranes. With the pressure increase up to 15 bar, more disrupted cell membrane structures and dead cells were observed. The results reported above allow the conclusion that air pressure did not inflict stress to the C. utilis cells, as the morphological analysis has proven since cells kept the predominant oval form and no decrease on average area was observed. Table 1 Air pressure effects on the cell size (average area) and elongation factor (Fmax/F min ) for the yeast Candida utilis CBS 621 through the fed-batch growth. Data are the average and standard deviation of two independent experiments. 
Conclusion
High cell density cultivation of microorganisms are still limited by many factors such as substrate inhibition, oxygen transfer limitations, accumulation of cellular by-products and inhibition of cellular respiration.
The results reported herein proved that, for the experimental conditions used, an air pressure increase up to 6 bar and 12 bar can be successfully applied respectively, to the batch and fed-batch cultivation of C. utilis. Moreover, the increase of oxygen availability by the reactor pressurization allows yeast cells to remain predominantly in the oxidative pathway and prevents the ethanol formation.
In the present work, an automated image analysis procedure allowing discrimination between single and budding cells, as well as determination of cell shape and size under increased air pressure was employed. No significant differences in cell size and shape were observed in 12 bar air pressure cultures and yeast cells kept the typical oval form.
Our results suggest that hyperbaric air is an alternative strategy to improve C. utilis biomass production, reaching high cell densities in fed-batch process, without cellular damage, as proved by morphology analysis.
